In order to build sustainable structures, the study of mechanical behavior must integrate with local phenomena, e.g. fracture propagation and localization zone. Fracture in concrete usually develops in the form of localized zone of microcracks which then coalesce into macrocrack of significant crack openings. In this paper, fracture process in geometrically scaled concrete beams under bending test is analyzed. Acoustic emission (AE) and digital image correlation (DIC) techniques are simultaneously applied to identify fracture parameters such as crack openings and size of fracture zone. The AE technique is useful to identify the location of fracture growth due to microcracks and macrocrack, however, DIC is useful to measure crack openings at various locations of crack. The location of crack tip is also estimated from both techniques. It is observed that the two techniques in coupled position proved effective in identifying the fracture process zone and cracking mechanisms of concrete.
Introduction
Cracking in concrete is a major problem in the design and durability of concrete structures. Various experimental methods already employed to detect the fracture process as the holographic interferometry, the dye penetration, the scanning electron microscopy, the acoustic emission, etc. Such methods offer either the images of the material surface to observe micro-features of the concrete with qualitative analysis, or the black-white fringe patterns of deformation on the specimen surface, from which it is difficult to observe profiles of the cracked material.
In this study, growth of fracture zone is investigated using synchronized and simultaneous observation with the digital image correlation (DIC) and acoustic emission (AE). Both techniques allow a continuous and a real time data acquisition and thus the damage evolution during the load test can be recorded. The AE technique is a passive method that has been proved to be very effective to locate microcracks and sometimes measure fracture process zone (FPZ) inside the concrete structure [1] [2] [3] [4] . It presents a large potential of applications and has been used in the past to study influence of different parameters on FPZ, such as effect of aggregate [5] [6] [7] , porosity [8] , the specimen geometry and type of loading [9] . The damage is then evaluated based on statistical analysis and measurement of energy or the number of AE events [10] [11] [12] . However, the spatial distribution of damage has not been precisely located.
DIC technique gives high resolution measurement of the surface displacement field. Based on this later, the fracture lengths and the cumulative crack openings of microcracks present in the FPZ can be easily determined [13] [14] [15] [16] [17] [18] . Even so, this method is only limited to the surface of the specimen which does not really represent the population of cracks inside the specimen and inaccessible areas are still unknown. Also displacement field is incapable to give information about the development and size of fracture process zone. Therefore, it is interesting to apply simultaneously DIC and AE techniques. Aggelis et al. [19] have recently used this method to analyze the effect of reinforcement on the cracking in reinforced concrete. The recent work of Rouchier et al. [20] has also investigated the simultaneous use of digital image correlation and acoustic emission for the monitoring of progressive damage development in fiber reinforced mortar.
In case of quasi-brittle materials such as concrete, problem of the size effect appears on the mechanical response of the structures. The nominal strength decreases with the increase in size of structure and extrapolation from laboratory specimens to real structures is a major question [21] . In order to improve our understanding of the fracture process and reduce the ambiguity in the modeling of the size effect, local quantities such as the spatial distribution of microcracking and fracture measurements such as fracture process zone size and crack openings patterns are interesting to measure at the same time on a single test. This can be done by simultaneous application of DIC and AE techniques.
In the light of the above mentioned facts, the main objective of this paper is to present an experimental approach to study the evolution of fracture process zone size and crack openings in scaled concrete beams by comparing and correlating the results obtained from DIC and AE technique. In the following, at first material and experimental methods are presented. Secondly, fracture measurements are made and analyzed at important loading stages with simultaneous AE and DIC techniques. Finally, the size effect on fracture growth is described based on the experimental observations.
Experimental program

Materials properties
ASTM type I cement with 28 days strength of 52.5 MPa was used. Coarse aggregates were crushed limestone with maximum size of 20 mm and fine aggregate were crushed fine sand of maximum size not greater than 4 mm. The mix proportion is shown in Table 1 . The mechanical properties of concrete were determined at 28 days on three £110 Â 220 mm 2 cylinders with a compressive strength (f 0 c ) of 45 MPa, a tensile strength (f t ) of 3.5 MPa assessed through splitting tests and a dynamic elastic modulus (E dyn ) of 38 GPa determined with a non-destructive method (Grindosonic Ò ).
Specimen preparation
Three sizes of specimens, geometrically similar in two dimensions, were prepared. The dimensions of the beams were selected in accordance with RILEM recommendations [22] of size effect method. The beams are classified into three classes depending upon their dimensions and are designated as D1, D2 and D3 for small, medium and large sizes respectively. The cross section of the specimens was rectangular and the span to height ratio was l/D = 3:1 for all the specimens (Fig. 1) . The cross sectional heights (D) of the specimens were 100, 200 and 400 mm respectively. The thickness (or third dimension, b) was kept constant equal to 100 mm for all the sizes. The beams were notched at mid-span for constant notch length to specimen height ratio (a/D) of 0.2 for all the beams. The notch was created using a non stick rigid Teflon strip of 3 mm thickness, placed into the mould before pouring of concrete. The strip was removed with care after initial curing period of 24 h at 20°C. The beams were covered with a plastic sheet during the initial curing period to avoid the surface evaporation and autogenous shrinkage cracks. The beams were then kept completely submerged for 28 days in a lime water chamber controlled at 20°C.
Procedure for the three-point bending test
The fracture test employs a universal testing machine as per RILEM-TMC50 recommendations. Tests were conducted on a 160 kN capacity servo-hydraulic machine under closed-loop crack mouth opening displacement (CMOD) control.
The load was applied with a CMOD rate of 0.05 lm/s using a CMOD gauge. Minimum number of three beams for each class was tested to study the variation of experimental results. During each test, load, crosshead displacement and CMOD were measured and recorded up to final failure with a data acquisition system. A general view of the experimental setup is provided in Fig. 1. 
Digital image correlation
The digital images were acquired continuously as the specimen was loaded. Two digital cameras with 75 mm macro lens were mounted to capture images of both faces of the beam. The digital cameras have a resolution of 1040 Â 1392 pixels and give 256 levels of gray output. Two series of tests were performed. In the first series, the cameras are mounted in order to image an area of approx. 60 Â 100 mm above the notch of beam. At this location, notch opening and initial crack profile were captured. For this resolution, one pixel in the image represents approx.
35 lm square on the specimen, which is considered sufficient to determine a displacement measurement with 2 lm accuracy [23] .
In the second series, the cameras were mounted at a distance required to observe the full height of specimen (except for D3). Thus the resolutions obtained for each size of specimen were 1 pixel = 105 lm for D1, 1 pixel = 180 lm for D2 and 1 pixel = 288 lm for D3 specimens. Four lamps, two on either side were used to improve the luminosity of the images. The images were taken at a rate of 6 images per minute for each camera. The images were stored in the system and were analyzed afterwards. The resolution of the system depends directly on the distribution of gray levels which depends on the texture of the material. A speckle pattern of black and white paint was sprayed onto the surface of specimen to improve the displacement resolution.
Acoustic emission (AE) method
The AE system comprised of an eight channel AEWin system, a general-purpose interface bus (2 Â PCI-DISP4 having 4 channels each) and a PC for data storage analysis. A 3D analysis with an AEWin algorithm is performed for the localization of AE events. For the source to be located in 3D, a wave must reach at least five sensors. In this study, 8 piezoelectric sensors of type R15a were used all having same frequency range of 50-200 kHz and the same resonance frequency of 150 kHz. The transducers were placed around the expected location of the fracture process zone (FPZ) to minimize errors in the AE event localization. They were placed on both sides of the specimen with silicon grease as the coupling agent. Thus, the sensors form a parallelogram grid location on one side of (6 Â 10 cm 2 ) for D1 beams, (12 Â 10 cm 2 ) for D2 beams and (24 Â 10 cm 2 ) for D3 beams (Fig. 2) . The detected signals were amplified with a 40 dB gain differential amplifier. The recorded AE amplitudes ranged from 0 to 100 dB. In order to overcome the background noise, the signal detection threshold was set at a value of 35 dB slightly above the background noise. The acquisition system was calibrated before each test using a pencil lead break procedure HSU-NIELSEN [24] . Location accuracy is measured in the range of 5 mm by applying the pencil load fracture at a known location of the specimen (Fig. 3) .
The effective velocity and the attenuation of acoustic waves were also calculated. The effective velocity measured in our study is 3800 m/s. The hit definition time used during the tests was set at 200 ls. Signal descriptors such as rise time, counts, energy, duration, amplitude, average frequency and counts to peak were captured and calculated by AEwin system. Each waveform was digitized and stored.
Results
In this section, only the fracture process of D2 beams is analyzed using AE and DIC techniques. Size effect analysis is presented separately in the next section. In order to analyze the results simultaneously with the AE and DIC techniques, the mechanical behavior can be divided into different stages [25] : pre-peak linear phase, pre-peak non linear phase and the post-peak phase. These stages are the typical trends observed in the beams tested and are no doubt related to the crack propagation in the material but this information is not available in the mechanical curve.
Damage localization
During the formation of a crack, energy is emitted as an elastic wave and propagates from the crack location to the AE transducers at specimen surface. The localization map of AE events is based on arrival times of the first wave at each transducer and their respective velocity in concrete specimen. Once the arrival time is picked, least-square method is used to estimate the event location. Though damage accumulation with AE technique was detected in 3D, the cumulative acoustic events are placed in 2D in order to compare with DIC results. The detected AE events are presented over a window covering the specimen height and a width of 200 mm centered at the notch. In the test described in this section, total number of AE events is equal to 2287. Each plotted point indicates a detected AE source. In addition to number of events, it is very important to investigate AE signal parameters. The initiation and propagation of cracks in concrete are generally correlated to the study of AE signals of certain amplitude. Extensive studies have shown that the absolute acoustic energy is the most important parameter to characterize an event [26, 27] . Thus, the 2D localization maps of the events are classified in terms of their levels of energy indicating different damage mechanisms. Six energy levels are defined as shown in Fig. 5 . In the beginning few events are detected at the top of the specimen result from pressing of the loading rail at the beginning of the test. AE events of higher energy levels are located in the center of the localized damaged zone or the core fracture process zone [2] . Few events are also located below the notch tip as shown in Figs. 5 and 13, which may be due to the decrease of location accuracy as the crack propagates. The accuracy depends also on many conditions such as the covering of the herd sphere, the homogeneity of concrete, and the variation in wave propagation velocity which may arise based on the number of aggregate crossings over the path of wave propagation or may be due to cracking in the specimen.
The process of DIC consists of analyzing a series of images of the specimen surface having a distributed gray level pattern. These patterns are monitored during the load application by a digital camera and stored in computer in a digital format. Displacements fields can be measured by matching the first image (or the reference image, typically corresponding to the unloaded stage) and each subsequent image. The correlation algorithm in VIC-2D determines the location of each sub-pixel in the imaging area. It provides the corresponding displacement vectors in the coordinate axis, thus displacement field on the surface of the specimen at different loading stages are obtained (Fig. 6 ).
Displacement fields (Fig. 6 ) are important in the sense that it represents displacement of each and every point in the imaging zone which enables easily to locate crack due to displacement discontinuity. Crack openings can be obtained from the displacement jump across the two sides of the crack [13] . In Fig. 7 , crack openings profiles are drawn at different loading levels on both faces of the specimen. It can be noticed that the profiles are approximately the same on both sides of the specimen; however, the crack path was not same due to heterogeneous microstructure of concrete. Thus information of crack openings does not depend on the crack path and can be very useful to diagnose the overall fracture behavior of the material. It can be observed that crack openings vary linearly along the height of the specimen until the closure of crack. During the pre-peak phase of loading, crack openings are very small. As the load crosses the peak load crack openings start to increase at higher rate. The profiles of crack opening also allow to monitor the progression of crack in the specimen at different loading levels. Thus crack length can also be estimated which will be discussed later in Fig. 14. In the following, different stages of fracture behavior in relation to the overall mechanical response of the beam are described.
In the first stage up to about 80% of peak load in pre-peak regime, the load-CMOD relationship is linear. During this loading stage, the bottom sensors started recording. However, the hits were of very low amplitude and only few events were detected. However, DIC shows that small crack openings at front of the notch begin to appear at 60% of peak load in pre-peak regime.
In the second stage where the load-CMOD relationship starts deviating from linearity; the load continues to increase until the peak load value is reached. The AE activity indicates formation of microcracks above the notch. Literature review [4, 28] also shows that in this phase microcracks begins to appear in a somewhat random pattern in the zone of maximum tensile stress. Displacement fields from DIC shows that crack openings above the notch increases and clear macrocrack can be observed (Fig. 6a and b) .
After the peak load, CMOD continues to increase and the load starts to decrease. In the initial post-peak phase, the AE activity increases rapidly (Fig. 8) and microcracks start to coalesce in a localized zone. The increase in AE activity can be associated to the creation of new large surface corresponding to the formation of macrocrack and the emission of high energetic signals [29] as shown in Fig. 8 . The localization zone of the AE sources becomes wider and spread away from the notch tip following a conical progress (Fig. 5c) .
During the post peak loading stage, the crack can sometimes be interlocked by an aggregate as observed by DIC. This aggregate interlock or aggregate shielding is observed in our experimental study (Figs. 9 and 10 ). An aggregate particle usually comes into the path and causes the crack to deflect. Sometimes aggregate particles also break due to a higher stress state in that location. In this case, aggregate interlock occurs just in front of the notch and the crack extension is almost insignificant during the phase of aggregate interlock (Fig. 10) . Thus, more energy is consumed to break the crack interlock than to extend the crack across the specimen which can also explain the energy jumps observed in the evolution of the AE energy (Fig. 8) .
During last stage or the terminal post-peak region, a shift in the force-CMOD relationship is observed in the tail of the curve and the AE activity rate decreases. AE events are generated as a consequence of different toughening mechanisms through the crack faces [30] . This final part of the curve shows a considerable increase in the crack opening, while the load decreases gradually until the specimen fails.
Analysis of the FPZ: combination of the fracture data of DIC and AE techniques
One objective of this analysis is to compare the characteristics of the FPZ, and more particularly to know quantitatively the change in its width and length in the different phases of rupture. Many researchers tried to set up a value for those later based on various test results. For Hillerborg et al. [31] , the length of the FPZ was related to the length of cohesive zone or the characteristic length which is a pure property of the materials. The value of the length of the FPZ was also measured directly based on the distinction between the increasing zone of the local strain from the decreasing zone [32] or the energy consumed by each specimen portion based on the local deformation curve [33] . Recently, different techniques as the X-rays, the AE and DIC techniques were used [2] . Different approaches have been used to determine the length of the FPZ based on the AE technique. Lertsrisakulrat et al. [33] and Watanabe et al. [34] proposed different simplified empirical relations for the localized compressive fracture length. They considered that the length of the FPZ is equal to the zone where the local energy is superior to 15% of the total energy in the specimens or the region where the distribution of peak amplitude or AE energy is superior to 30% as the AE criterion to distinguish the failure zone. The length and the width of damage zone were also computed using probability and statistics laws by dividing the damage zone into two areas: the zone of confidence with high damage and a weak damage zone based on the distribution either of the number or the amplitude of acoustic emission events. The relation between the characteristic length and the length of the FPZ was estimated equal to L FPZ % 0.82l ch while the width of the FPZ is equal to 2.75D agg [27] defined earlier as 3D agg [35] . Note here that the length and the width of the FPZ are strongly influenced by dimension of the specimens [36, 2] . The 3D location of the AE sources for specimens D2 is shown in Fig. 11 at the end of the test. As the distributions of AE events present the same pattern as the distribution of peak amplitude and AE energy, the approach used here to analyze the properties of the FPZ is similar to that developed by [8] . The beam surface is divided into a two dimensional (XY) grid of square elements with uniform dimensions (1 Â 1 cm 2 ). For each element the number of AE events is recorded. Fig. 11 shows the total number of AE events located inside each grid element. Greater number of events is present above the notch which shows the localization of microcracking. In order to monitor the width of FPZ, cumulative number of AE events is recorded for each X location. This step is performed at different loading intervals. Fig. 12 shows the cumulative number of events in the post-peak loading step. It can be seen that the number of AE events is more important in the zone above the notch and decreases gradually on both sides. To evaluate the width of FPZ (W FPZ ), we consider an arbitrary horizontal line located at 20% of N max (N max corresponds to the peak of the cumulative AE events). Thus W FPZ can be identified as (i) the zone in which cumulative AE events at each X location is more than or equal to 20% of N max . This zone corresponds to a zone of confidence in which the high number of events is representing localization of microcracking (ii) the zone outside the first zone, where cumulative AE events are lower than 20% of N max , corresponds to a lower level of damage [27] . Note here, that the zone (i) correspond to the region where AE events present an energy higher than 300 aJ and the total AE energy in this zone is higher than 95% of the total energy defined by Otsuka in comparison with the X-rays [2] .
The length of the FPZ (L FPZ ) is measured in the same way. Fig. 13 shows the cumulative number of events at each Y location in a post-peak loading step. It can be seen that ahead of the notch tip, the number of AE events increases, attains the maximum value (N max ) and then decreases. Therefore, L FPZ is taken as the length from notch tip to the intersection of the histogram with an arbitrary horizontal line located at 20% N max . However, alone AE analysis does not give precise information about the tip of the stress free crack.
The progression of cracking with DIC in the beam at different loading conditions is presented in Fig. 14 . From the crack opening profiles, the length of fracture zone (measured from the notch tip) can be approximately located considering where the COD becomes equal to zero (i.e. crack closure). Actually, the crack tip is ''blurred'' by microcracking in the fracture process zone (FPZ), therefore, the length of fracture zone measured in this way (i.e. from crack openings) is the length of the macrocrack plus the length of the FPZ where microcracks exist. The fracture zone length measured with DIC is plotted at different loading stages in correlation with the cumulated number of AE events (Fig. 14) . Both the fracture length growth measured using DIC and the increase of total number of AE 
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Aggregate Interlock Peak 95% post peak 90% post peak 85% post peak events are the relative measure of damage accumulation in the beam. Fig. 15 presents the comparison of the fracture length evolution as detected by DIC and AE techniques at different loading stages.
The fracture is indicated at about 60% of the peak load in the pre-peak regime with DIC technique. However, the appearance of cracking using the AE technique begins at 80% of the peak load in the pre-peak regime. The fracture length increases smoothly until the peak load. A sudden increase in fracture length is observed between the peak load and 80% of the peak load in the post-peak regime with both techniques. The fracture growth becomes relatively slower in the final loading stages until the specimen fails completely. We can note that the fracture length measured from DIC is always larger than AE technique. In fact, DIC measures macrocrack length plus the length of FPZ where microcracks are open or crack openings are measurable, while the length measured with the AE technique represents the fracture core zone and thus it is incapable of determining the tip of the crack precisely. The limitation of AE technique in crack length measurements is also due to variation acoustic parameters after cracking e.g. acoustic wave velocity. On the other hand DIC is a visual non contact method and is more reliable for length scale measurements. However, the same trend is obtained concerning the kinetics of the evolution of the fracture length with both techniques. The same methods will be used hereafter to study the size effect.
Application to the size effect
Damage quantification
Damage quantification for the three beams was calculated based on the total AE activity represented by the number of localized events. Fig. 16 represents the cumulative number of AE events in correlation with the load CMOD curves. During the loading phase up to CMOD equals to 100 lm the cumulative AE events shows a similar behavior for all the sizes of beam. It can be explained by looking into Figs. 18 and 19a . Width of FPZ increases with increase of specimen size (Fig. 18) ; however, the fracture length decreases with increase of specimen size (Fig. 19a ). This could result into similar cumulative AE events behavior for all specimen sizes. In the post-peak phase the AE activity becomes more important as size of beam increases. We can notice that the total number of AE events is greater in larger beams requiring higher energy for overcoming interfacial bond along the ligament length. The cumulated AE energy followed the same evolution and gives information on the cracks initiation that progress until the failure and thus could be related to the fracture energy measured on a global scale. 
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Evolution of the FPZ
The localization maps of the AE sources are drawn on the surface of all size of specimen over a window centered at notch, with a width of 100 mm and covering the full beam height (Fig. 17) . The strain profiles also presented obtained by DIC method. Crack path can be noted, however, it should be kept in mind these are surface strain profiles on one face of the specimen and crack path on one face of the specimen may not be similar to the crack path of the other side due to the internal heterogeneity of the material and it also changes the crack path inside the specimen. It is also observed that AE events are detected in between two crack profiles and indicate a rough and complex fracture surface inside the specimen dominated by the distribution of aggregates and other softening mechanisms. It should be noticed that the AE events distribution zone is relatively wider as compared to the width of strain localization zone. Both methods are used in literature to calculate the width of FPZ [37, 1, 2] . In DIC method, strain profiles are calculated from displacement fields using the laws of continuum mechanics and the strain profiles would not be objective when there is strong discontinuity in displacement fields. Also one component of strain (e XX ) may not be able to determine FPZ correctly when main crack branches into microcracks in multiple directions. On the other hand AE method is dependent on acoustic waves originating from microcracks and width of FPZ calculated would be relatively more reliable.
Based on these localization maps, the width of the fracture process zone (W FPZ ) is also measured. The evolution of W FPZ using AE technique is shown in Fig. 18 . It can be observed that W FPZ increases with the loading level in the pre-peak region. At about 80% post-peak loading, W FPZ starts stabilizing. Similar behavior is observed in all beam sizes. It should be noticed that up to the same loading level (80% post-peak) in Fig. 16 . AE activity shows a similar behavior for all the beam sizes.
In the pre-peak region, the width of the FPZ (Fig. 18 ) is more for smaller beam size. At peak load W FPZ is same for D1, D2 and D3 beams; however in the post peak loadings, W FPZ is greater for the large beam size.
The relative fracture length (L crack /D) at different loading intervals obtained with the DIC and the AE techniques is plotted in Fig. 19 for each specimen size. It is the ratio of length of fracture from the crack mouth (L crack ) to height of specimen (D). The same observations are obtained with both techniques with a smaller relative fracture length with AE technique. In fact, the microcracks ahead of the macrocrack do not strong AE activity and thus crack length is always smaller with AE method. On the other hand, DIC method determines a longer fracture length which includes the microcracking zone. It can be seen that the formation of fracture starts before the maximum load is reached. For the smaller specimen D1, fracture initiates at a lower loading in the pre-peak regime as compared to the larger specimen D3. The fracture growth in the specimens can be divided into three stages. The first stage is from the fracture initiation to the peak loading. In this stage, the fracture growth is smooth. In the second stage i.e. between the peak loading and 80% F max in the post peak regime, the fracture growth is relatively abrupt and the fracture length is almost doubled. In the last stage, the crack propagation is relatively slow. We can also see that the relative fracture length in D1 specimen is usually bigger as compared to D2 and D3. The behavior of crack extension in different sizes of specimens observed in Fig. 19 can be understood by the fact that in quasi-brittle materials, when the specimen size increases, the mechanical behavior becomes more brittle i.e. fracture initiates near the peak load and propagates abruptly in the specimen. This is due to the reason that in a larger structure more strain energy is available to drive the propagation of the failure zone. Therefore, the structure fails as soon as the fracture initiates [38] . In authors point of view, in order to understand completely the size effect on fracture initiation, tests should be carried out on notch less specimens. In this paper authors have presented results on notched specimens. Experiments shall be carried out on notch less specimens and will be discussed in future.
Conclusion
In this paper an experimental study is presented in order to monitor the fracture growth during three point bending tests in concrete beams. Two techniques i.e. acoustic emission (AE) and digital image correlation (DIC) were employed. It is observed that the two techniques in coupled position can be used simultaneously and proved to be very effective in identifying the fracture process zone and cracking mechanism of concrete. It is demonstrated that the global mechanical response of the beams can be translated from the local fracture process in the material. Correlation between the load-CMOD curves and AE and DIC analysis shows that macro cracks extend slightly before the load reaches its peak. DIC is an effective method to measure discontinuities such as fracture length and crack openings. Fracture process zone width and length are also monitored with AE technique. The evolution of the fracture length shows similar trends for both techniques. However, DIC is more helpful to measure fracture length than AE. The reason may be that measurement of crack length from DIC is based on crack openings, while the criteria used for determining the length of the FPZ with AE may cause a loss of information as it is not possible to know exactly the crack tip.
The total number of AE events and AE energy released increases with the specimen sizes. The initiation of fracture is detected earlier in smaller specimens as compared to larger specimens, in which fracture is initiated at about 90% of the peak load. The relative crack length is always higher for the smaller specimen.
